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Abstract
Monocrotophos (MCP) is a widely used organophosphate (OP) pesticide. We studied apoptotic changes and their
correlation with expression of selected cytochrome P450s (CYPs) in PC12 cells exposed to MCP. A significant induction in
reactive oxygen species (ROS) and decrease in glutathione (GSH) levels were observed in cells exposed to MCP. Following
the exposure of PC12 cells to MCP (10
25 M), the levels of protein and mRNA expressions of caspase-3/9, Bax, Bcl2,P
53,P
21,
GSTP1-1 were significantly upregulated, whereas the levels of Bclw, Mcl1 were downregulated. A significant induction in the
expression of CYP1A1/1A2, 2B1/2B2, 2E1 was also observed in PC12 cells exposed to MCP (10
25 M), whereas induction of
CYPs was insignificant in cells exposed to 10
26 M concentration of MCP. We believe that this is the first report showing
altered expressions of selected CYPs in MCP-induced apoptosis in PC12 cells. These apoptotic changes were mitochondria
mediated and regulated by caspase cascade. Our data confirm the involvement of specific CYPs in MCP-induced apoptosis
in PC12 cells and also identifies possible cellular and molecular mechanisms of organophosphate pesticide-induced
apoptosis in neuronal cells.
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Introduction
Organophosphorus (OP) group of pesticides have been used
extensively across the world for more than fifty years [1] resulting
annual exposure to 2–3 million people [2]. OPs are known to induce
acute and chronic neurotoxicity in mammalians primarily by inhibiting
acetylcholinesterase (AChE) activity [3,4]. However, neurotoxicity of
OPs has also been reported to link with necrosis [5], apoptosis [6,7],
and oxidative stress mediated pathways [7,8]. OPs have also been
found to induce oxidative stress in developing brain, leading to alter the
expression and functions of antioxidant genes [9]. Most of the OPs do
not produce the same pattern of behavioral deficits or toxic responses,
in part, because of the involvement of different toxicological
mechanisms that contribute to the net adverse outcomes [10]. The
toxic responses of OPs on cellular and molecular level have been
explored in cultured cells using standard endpoints of cytotoxicity and
genotoxicity [5,11]. However, the knowledge on specific pathway(s)
involved for individual OP-induced toxicity is needed to be elaborating
completely. The involvement of different CYPs has been suggested in
the process of oxidative stress [12], mutagenicity [13], apoptosis
[14,15], and behavioural deficits [16]. Significant induction in the
expression of different CYPs has been reported in liver exposed to
structurally unrelated chemicals [16]. Although, liver is known to be a
primary site for CYPs-mediated metabolism, but the expression and
inducibility of CYPs in extrahepatic systems such as blood and brain
have also been reported [16,17]. Involvements of the several CYPs in
the metabolic activation of drugs and chemicals have also been
reported in primary cultures of rat brain neuronal and glial cells [18].
CYPs facilitate biotransformation of xenobiotics by oxidizing them
result the formation of number of reactive oxygenated intermediates
(ROMs). ROMs are highly unstable in nature, but their presence for
short duration in the cells may lead cellular damages [19,20]. ROMs-
induced damages have been suggested to cause abrupt xenobiotic
metabolism as well as the formation of more hazards intermediates,
which could ultimately lead hyper-mutability, genomic instability,
adverse effects on number of proteins related to cell cycle checkpoints
and neuronal cell death [21].
Thus, we studied apoptotic changes and their correlation with
expression of selected cytochrome P450s (CYPs) in PC12 cells
exposed to MCP. MCP was selected as model pesticide, since it
has been used extensively worldwide and is known for its
neurotoxicity [22,23]. PC12 cells were selected because of known
expressions of CYPs [24] and most of the marker associated with
neuronal structures, functions, toxicity and repair [9,25]
Results
Intracellular glutathione levels
Data of MCP-induced alterations in the levels of intracellular
GSH concentrations are summarized in figure 1. Statistically
PLoS ONE | www.plosone.org 1 March 2011 | Volume 6 | Issue 3 | e17757significant (p,0.001) decrease in the values were observed at 6, 12,
and 24 h exposures, i.e., 31.461.5 mM, 29.761.3 mM, and
27.861.1 mM following an exposure of MCP (10
26 M) and
28.261.3 mM, 22.361.1 mM, and 19.961.4 mM in cells ex-
posed to MCP (10
25 M) when compared with unexposed controls
i.e., 37.860.8 mM (6 h), 37.161.0 mM (12 h) and 36.360.9 mM
(24 h) respectively.
ROS generation
MCP (10
26 M and 10
25 M) induces significant ROS produc-
tion in PC12 cells at all the incubation periods, i.e., 132611% and
116610% (6 h); 15563.6% and 13867.9% (12 h), and
14462.7% and 16965.6% (24 h) respectively. ROS production
was insignificant following 10
27 M and 10
28 M concentrations of
MCP at all the time points. While, MCP (10
24 M) exposure for 12
and 24 h was significantly cytotoxic (Figure 2b). Fluorescence
microscopic analysis using DCFH-DA fluorescence dye maintains
the linearity with the data obtained by spectro-fluorimetric analysis
(Figure 2a).
Apoptosis detection
MCP (10
25 M) exposure for 6 h induces significant (3 fold of
control) apoptosis in PC12 cells. While the magnitude of
apoptosis induction was low (2 fold of control) in cells exposed
to MCP (10
26 M) for 6 h. Increase in necrosis and decrease in
apoptosis was observed in cells exposed to MCP (10
24 M) for
6 h. System optimization was confirmed by induction of
apoptosis in 31.3% cell population following camptothecin
(3 mg/ml) exposure for 6 h, and served as positive control
(Figure 3a). Fluorescence imaging of the cells kept under identical
experimental conditions confirms our data obtained by FACS
analysis (Figure 3b).
Bis-benzimide Staining
Nuclear condensation and DNA fragmentation were studied as
markers of apoptosis in PC12 cells following the exposure of
selected concentrations of MCP. Findings of the assays were
showing the similar trends as observed in case of MMP and
responded to MCP insult in a dose dependent manner in PC12
cells (Figure 4a & b).
Transcriptional changes
MCP (10
25 M) exposure for 2, 6, 12, and 24 h induces
significant alterations in the expression levels of mRNA of CYP
1A1, 1A2, 2B1, 2B2, and 2E1. In a biphasic response, at 2 and
6 h, expression was increased and thereafter levels were decreased
at 12 and 24 h. However, at 12 h, values were significantly higher
than unexposed control cells for all the CYPs except for CYP2B1.
Interestingly, the peak levels of all the CYPs were observed in cells
exposed for 6 h i.e., 4.7960.56; 17.0061.63; 2.5460.07;
3.5260.77; and 3.2860.95 fold of control for CYP 1A1, 1A2,
2B1, 2B2, and 2E1 respectively. The elevated levels of mRNA
were almost restored to basal level rather below to that by 24 h
exposure (Figure 5a).
Since, MCP (10
25 M) exposure for 6 h was found to be most
effective in the induction of mRNA expression of CYPs, the
mRNA expression study for the genes associated with apoptosis
was restricted for 6 h only. Results show significant up-regulation
in the expression of mRNA for Caspase-3 (6.3760.31), Caspase-9
(3.5160.21), Bax (1.2860.12), Bcl2 (1.5060.25), Bnip3
(1.4360.08), p53 (1.6760.17), and p21 (1.3160.12) fold of
control, whereas down regulation was observed in case of Bclw
(0.6960.03), and Mcl1 (0.8860.01) fold of control (Figure 5b).
Western blot analysis
MCP (10
25 M) exposure for 6 h shows peak upregulation of
protein expression of CYP 1A1 (1.8960.23), 1A2 (1.5360.19), 2B1
(1.2360.05), 2B2 (2.0660.23), 2E1 (3.1360.47), p53 (1. 9460.24),
GSTP1-1: 23 kda (1.8560.27), GSTP1-1: 42 Kda (1.3960.17),
GSTP1-1: 46 kda (1.4660.16), Bax (2.7560.34), Bcl2 (1.3360.12),
activated Caspase-9 (2.4360.14) and activated Caspase-3
(3.6260.41) fold of control. Protein expression of CYP1A1/1A2
and Bax came to the basal level in cells exposed to MCP (10
25 M)
for 12, and 24 h. However, the levels of protein expression of
CYP2B2, 2E1, p53 and all forms of GSTP1-1 were higher than
unexposed control cells following MCP exposure for 12 and 24 h.
In case of Bcl2 values were observed below the basal level at 12, and
24 h exposure. Significant restoration of altered levels were
observed in recovery group i.e., CYP1A1 (0.7460.09), CYP1A2
(1.1660.17),CYP2B1(1.1960.08),CYP2B2(1.7260.26),CYP2E1
(1.7560.24), P
53 (1.2760.19), Bax (1.1860.14), Bcl2 (0.4260.02),
and activated Caspase-3 (0.8660.07) [Figure 6 (i) a & b; (ii) a & b;
(iii) a & b].
Immunocytochemical analysis
MCP (10
26 M and 10
25 M) exposure for 6 h induces
significant (p,0.001) protein expression of C-fos (2.2060.51 fold,
2.8160.78), and C-jun (1.9360.51 fold, 3.3060.72) fold of control
respectively. MCP exposure of 10
25 M induces the alteration in
the expression with greater magnitude than MCP 10
26 M
concentration and this magnitude difference was statistically
significant (p,0.001) (Figure 7a & b-I, II).
Discussion
The high lipid contents, high oxygen consumption, and low
levels of glutathione contents are suggested reasons for ROS-
Figure 1. Glutathione (GSH) levels in PC12 cells exposed to
MCP (10
24–10
27 M) for 6, 12, and 24 h assessed by using
fluorescence based Glutathione Detection Kit (Catalog no.
APT250, Chemicon, USA). To estimate the GSH levels, the lysed
samples (90 ml/well) were transferred to 96 well black bottom plates
and mixed with freshly prepared assay cocktail (10 ml) containing
monochlorobimane (MCB), a dye has high affinity for glutathione in
cells compared to other thiols. Plates were read at excitation
wavelength 380 nm and emission wavelength 460 nm after the
incubation for 1–2 h at 37uC by using Multiwell Microplate Reader
(Synergy HT, Bio-Tek, USA). Standard curve was plotted using the
glutathione standard supplied in the kit and used to calculate the
experimental values. The data are expressed in intracellular concentra-
tions of GSH6SEM, n=3. * =P,0.05, **=p,0.001.
doi:10.1371/journal.pone.0017757.g001
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the present study, we also observed the significant dose and time
dependent induction in ROS generation and decrease in
glutathione (GSH) levels, which were found to be associated with
apoptotic changes. Earlier we reported the increase of LPO in
PC12 cells exposed to MCP [7]. Similar kind of associations have
also been reported using cultured cells of neural origin and rat
brain slices [10], blood mononuclear cells [27], and mouse
macrophage cell lines [28,29].
The activation of cytochrome P450s and their interaction with
mitochondrial chain complexes have been suggested in chemical-
induced apoptosis [20,30]. The involvement of CYPs in
organophosphates-induced apoptosis in neuronal cells has also
been indicated [31]. However, we are reporting first time that
MCP-induced apoptosis and oxidative stress are associated/
regulated by specific isoforms of CYPs in PC12 cells. We observed
significant induction in the expression of CYPs even at 2 h
exposure, which was found to be upstreamed to ROS generation
by 6 h in PC12 exposed to MCP. Such induced expression of
CYPs in early hours might have played important role in the
production of reactive oxygenated molecules (ROMs), which are
known to induce ROS generation [32], LPO [33], GSTs [34], and
eventually to apoptosis [15,20]. In the present investigations,
apoptosis induction and oxidative stress was found to be associated
with upregulation of CYP1A1. Such increased expression of
CYP1A1 has also been reported increase the excretion rate of 8-
oxoguanine (oxo8Gua) in human hepatoma cell line, a biomarker
of oxidative DNA damage [35]. CYP1A1 and CYP1B1 have been
demonstrated to catalyze catechol estrogen formations, which play
a key role in 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin-induced
oxidative damage in cultured human mammary epithelium cells
[36]. Induced CYP2E1 was found to cause oxidative stress by
depleting the intracellular GSH levels [37], activation of the p38
MAP kinase pathway, and induction of the transcription factor
Nrf2 [38], in human hepatoma cell line-HepG2. The role of
CYP2E1has been suggested in alcohol-induced oxidative DNA
damage in liver of null mice [39].
Induction in the expression levels of CYPs (CYP1A1/1A2,
2B1/B2 and 2E1) were higher at 6 h, which brought down
towards the basal level by 24 h. Similarly, apoptotic events were
also found to reduce with the passage of time. This could be due to
increased necrosis at 12 and 24 h exposures, as discussed in our
earlier report too [7]. Since, induced expression of CYPs is
regarded as defence mechanism to detoxify the effect of
xenobiotics [40], thus, initial increase in the expression (mRNA
and protein) of CYPs suggest responsiveness of cells against MCP
Figure 2. Reactive Oxygen Species (ROS) generation in PC12 cells exposed to MCP. (a) Representative microphotographs showing MCP-
induced reactive oxygen species (ROS) generation in PC12 cells. ROS generation was studied using dichlorofluorescin diacetate (DCFH-DA) dye.
Images were captured by Nikon phase contrast cum fluorescence microscope (model 80i) attached with 12.7 Megapixel Nikon DS-Ri1 digital CCD
cool camera. (b) Percent change in ROS generation following 6, 12 and 24 h exposure of various concentrations of MCP in PC12 cells assessed by
spectrofluorometric analysis. In brief, cells (1610
4 per well) were seeded in poly L-lysine pre-coated 96 well black bottom culture plates and allowed
to adhere for 24 h in 5% CO2–95% atmosphere at 37uC. Cells were exposed to MCP (10
24 to 10
28 M) for 6, 12 and 24 h. Following the exposure, cells
were re-incubated with 29,7 9 dichlorodihydrofluorescein-diacetate (DCFH-DA) (20 mM) for 30 min at 37uC and fluorescence intensity was measured
using multiwall micro plate reader (Synergy HT, Bio-Tek, USA) on excitation wavelength at 485 nm and emission wavelength at 528 nm. The data are
expressed in mean of percent of the unexposed control 6 SEM, n=8. * =P,0.05, **=p,0. 001.
doi:10.1371/journal.pone.0017757.g002
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to MCP for longer period might be due to significant necrotic cell
death. It has already been demonstrated in case of various
xenobiotics that higher doses for low time periods and lower doses
for higher time periods can convert apoptosis into necrosis [41].
Following MCP exposure, we observed a significant up-
regulation in the expression of immediate early response gene
proteins, i.e., C-fos and C-jun. Such significant up-regulation
might be due to oxidative stress induced by the massive production
of ROS/ROMs or induction of JNK pathway during CYPs-
mediated metabolism of MCP. The association of chemical-
induced over expression of the various CYPs, and oxidative
damage is well established [42]. The induced level of GSH is an
indicator of strong anti-oxidant status in cell system [28], whereas,
reduced GSH levels were found to be associated with impaired
anti-oxidant activities [43]. The lower levels of GSH in brain cells
have been reported to facilitate the dissociation of GSTP1-1/JNK
complex, and activation of JNK pathway [44]. In the present
study, increased expression of GSTP1-1 and decreased GSH levels
may also be correlated with the activation of JNK pathway, and
subsequent cell death. However, upon the longer exposure, the
GSTP1-1 levels came down very near to basal, which indicate
either the failure of self defense due to activation of JNK pathway
or necrotic cell death. Such GSTP1-1 dependent activation of
JNK pathway is well documented in Jurkat [45], human
neuroblastoma cell line [46], and in NB4 cell line [44], against
variety of chemical exposures.
The other possible reason for our findings might be due to the
non-enzymatic direct binding of GSH with CYPs mediated
reactive metabolites of MCP. This phenomenon has already been
reported in case CYPs mediated metabolism of paracetamol,
where the levels of GSH were found to be depleted upon the
accumulation of reactive metabolite - N-acetyl-p-benzoquinone
imine (NAPQI) [47].
In the present investigation, synchronization was also observed
between the increased expressions of CYPs (1A1, 1A2, 2B1, 2B2,
and 2E1) and altered expressions of caspase 3 and caspase 9, genes
involved in apoptosis signalling cascade in PC12 cells. The caspase
cascade activation has been reported by two different routes, i.e.,
binding of procaspase-9 with Apaf-1 to form the apoptosome
complex following the release of cytochrome-c from damaged
mitochondria [29], while in other route OMI, and SMACs
released from intra-mitochondrial space is binds with caspase
inhibitors, and thus activates the caspases [48]. But, we are
hypothesizing the involvement of CYPs in the activation of
caspases as another possible route to trigger the apoptosis
signalling in PC12 cells receiving MCP exposure. Since, CYPs-
mediated apoptotic changes have already been reported in E47
cells [49], and Hepa1c1c7 cells [24,50] exposed to buthionine
sulfoximine and Benzo[a] pyrene respectively. Based on the
findings, we propose a schematic flow diagram showing the
involvement of selected CYPs in the triggering of ROM induced
oxidative stress and apoptosis cascade in PC12 cells exposed to
MCP. Apoptosis induction was routed through mitochondrial
activity and by the involvement of caspase 3/9 (Figure 8).
In summary, we believe that this is the first report showing
altered expressions of selected CYPs in MCP induced apoptosis
and oxidative damage in PC12 cells. These apoptotic changes
were mitochondria-mediated and regulated through caspase
cascade. Our data confirm the involvement of specific CYPs in
MCP induced apoptosis in PC12 cells and also identifies possible
cellular and molecular mechanisms of organophosphate pesticide-
induced apoptosis in neuronal cells.
Materials and Methods
Cell culture
PC12 cells were procured from National Centre for Cell
Sciences, Pune, India, and have been maintained at In Vitro
Toxicology Laboratory, Indian Institute of Toxicology Research,
Figure 4. DAPI staining for the detection of MCP-induced
apoptosis. (a) Representative microphotographs showing induction of
Apoptosis in PC12 cells exposed to various concentrations of MCP for
variable time periods. (A): Unexposed control cells (B): cells exposed to
10
26 M MCP showing apoptotic body; (C): Cells exposed to 10
25 M
MCP Showing more damages. (b) Apoptosis induction in PC12 cells
exposed to various concentrations of MCP for different time periods.
Apoptotic Bodies were counted by using Upright phase contrast
Fluorescent microscope (Nikon 80i, Japan) at 106100x oil immersion
magnification and images were grabbed by Nikon DS-Ri1 (12.7
megapixel) camera. Minimum 1000 cells were counted in each slide
in triplicate. * p,0.05, **p,0.001
doi:10.1371/journal.pone.0017757.g004
Figure 3. Apoptosis induction in PC12 cells exposed to MCP. (a) Apoptosis detection in PC12 cells exposed to MCP using Mitolight
TM
apoptosis detection kit (catalog no. APT142, Chemicon, USA). (A) Unstained cells; (B) Control cells; (C) PC12 cells exposed to MCP (10
26 M) for 6 h; (D)
PC12 cells exposed to MCP (10
25 M) for 6 h; (E) PC12 cells exposed to MCP (10
24 M) for 6 h; (F) Experimental positive control- PC12 cells exposed to
campothecin (3 mg/ml) for 6 h; (G) Cells pretreated with 10 mM NAC for 1 h and then exposed with MCP(10
25 M) for 6 h. (b) Apoptosis detection by
Mitolight
TM apoptosis detection kit using Upright Phasecontrast Microscope (Nikon 80i, Japan) at 106100x oil immersion magnification. The images
were snapped by Nikon DS-Ri1 (12.7 megapixel) camera. Figure A1- Control cells showing intense red color due to polymerization of Mitolight dye in
mitochondria indicative of healthy mitochondria. Figure A2- green color indicates the accumulation of non-polymerized dye in cytoplasm. Figure A3-
Nuclei stained with DAPI.Figure A4- Superimposed microphotographs showing healthy mitochondria with intact membrane. Figure B1-B4: PC12 cells
exposed to MCP (10
26 M) for 6 h shows significant dissipation in Mitochondrial membrane potential. Figure C1–C4: PC12 cells exposed to MCP
(10
25 M) for 6 h. C-3: cells showing nuclear condensation and fragmentations (D1 and D2 are magnified view highlighting the same). C-4:
Superimposed microphotograph showing apoptotic events.
doi:10.1371/journal.pone.0017757.g003
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[7]. Briefly, cells were cultured in Nutrient Mixture (F-12 Hams),
supplemented with 2.5% fetal bovine serum (FBS), 15% horse
serum (HS), 0.2% sodium bicarbonate (NaHCO3), 100 units/mL
penicillin G sodium, 100 mg/mL streptomycin sulphate, and
0.25 mg/mL amphotericin B. Cultures were maintained at 37uCi n
5% CO2-95% atmosphere under high humid conditions. Culture
medium was changed twice weekly and cultures were passaged at
a ratio of 1:6 once a week. Prior to experiments, cells were
screened for integrity and neuronal markers as described earlier
[27]. Cells were also checked for their viability using trypan blue
dye exclusion assay, and batches showing more than viability 95%
were only used in the experimentation.
Reagents and consumables
All the specified chemicals, primers, probes and reagents, viz.,
MCP (Dimethyl (E)-1-methyl-2-methyl carbanoyl vinyl phosphate
(IUPAC) C7H14NO5-P.; Catalog no. PS-609; purity-99.5%), and
diagnostic kits were purchased from Sigma, USA, unless otherwise
stated. Culture medium nutrient mixture F-12 Hams, antibiotics/
antimycotics, fetal bovine and horse sera were purchased from
Gibco BRL, USA.
Figure 5. Transcriptional changes in the levels of selected xenobiotic metabolizing cytochrome P450s (CYPs) and apoptosis
markers in PC12 cells exposed to MCP. (a) MCP-induced alterations in the mRNA expression of marker genes associated with metabolism of
xenobiotics in PC12 cells. Quantitative Real Time PCR (RT-PCR
q) was performed in triplicate by TaqMan Probe using ABI PRISMH 7900HT Sequence
Detection System (Applied Biosystems, USA). Actin-b was used as internal control to normalize the data and MCP induced alterations in mRNA
expression are expressed in relative quantity compared with respective unexposed control groups. (b) MCP induced alterations in the mRNA
expression of marker genes associated with apoptosis in PC12 cells. Quantitative Real Time PCR (RT-PCR
q) was performed in triplicate by SYBR Green
dye using ABI PRISMH 7900HT Sequence Detection System (Applied Biosystems, USA). Actin-b was used as internal control to normalize the data and
MCP induced alterations in mRNA expression are expressed in relative quantity (RQ) compared with respective unexposed control groups. Reliability
of Specific products was checked by melting curve analysis as well as running the product onto 2% agarose Gel.
doi:10.1371/journal.pone.0017757.g005
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cell death [figure-6 (iii) a & b] were studied in PC12 cells exposed to MCP (10
25 M) for various time periods. Actin- b was used as loading
control to normalize the data. (a) Lane (A): untreated control; (B): Cells exposed to MCP for 6 h; (C): Proteins isolated after 24 h, i.e., 6 h of MCP exposure
+18 h without exposure (auto-recovery period); (D): Cells exposed to MCP for 12 h; (E): Cells exposed to MCP for 24 h. (b) Relative quantification of
alterations in the expression of different proteins., viz CYP1A1 (59 kDa), CYP1A2 (57 kDa), CYP2B1 (55 kDa), CYP2B2 (54 kDa), CYP2E1 (56 kDa), GSTP1-1
(23.5,42and46 kDa),P
53(53 kDa), Bax (29 kDa), Bcl2(23 kDa),activatedcaspase-9(35 kDa),activatedcaspase-3(21 kDa),andActin-b(42 kDa) in PC12 cells
exposed to MCP (10
25 M) for various time periods. Actin-b was used as internal control to normalize the data. Quantification was done in Gel
Documentation System (Alpha Innotech, USA) with the help of AlphaEase
TM FC StandAlone V.4.0 software. * =P,0.05, **=p,0. 001.
doi:10.1371/journal.pone.0017757.g006
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Non-cytotoxic doses of monocrotophos (MCP) were identified
using standard endpoints of cytotoxicity, i.e., MTT [3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide], NRU
(neutral red uptake), LDH (lactate dehydrogenase) released, and
trypan blue assays. The selection of MCP concentrations for the
present investigations was based on our previous studies with same
cell line under identical conditions [7].
Estimation of Glutathione (GSH) levels
Glutathione (GSH) levels were assessed following the exposure
of MCP (10
24–10
27 M) to PC12 cells for 6, 12, and 24 h using
commercially available kit (Glutathione Detection Kit, Catalog no.
APT250, Chemicon, USA). In brief, following respective MCP
exposures, cells were collected by centrifugation at 7006g for
2 min at 4uC and lysed in lysis buffer. The samples were
centrifuged again at 12,0006g for 10 min at 4uC and supernatant
was collected. To estimate the GSH levels, the lysed samples
(90 ml/well) were transferred to 96 well black bottom plates and
mixed with freshly prepared assay cocktail (10 ml) and read at
excitation wavelength 380 nm and emission wavelength 460 nm
using Multiwell Microplate Reader (Synergy HT, Bio-Tek, USA)
after the incubation of 1–2 h. Standard curve was plotted using the
glutathione standard supplied in the kit and used to calculate the
experimental values. Cells exposed to H2O2 (100 mM) for 2 h
under identical conditions were served as positive control.
Estimation of Reactive Oxygen Species (ROS) generation
Estimation of MCP-induced ROS generation was carried out
following the standard protocol of Srivastava et al. [51]. In brief,
cells (1610
4 per well) were seeded in poly L-lysine pre-coated 96
well black bottom culture plates and allowed to adhere for 24 h in
5% CO2–95% atmosphere at 37uC. Cells were exposed to MCP
(10
24 to 10
28 M) for 6, 12 and 24 h. Following the exposure, cells
were re-incubated with 29,7 9 dichloro-dihydrofluorescein-diacetate
(DCFH-DA)(20 mM)for30 min at 37uC. The reaction mixture was
then replaced by 200 ml of PBS per well. The plates were kept on
rocker shaker platform for 10 min at room temperature in dark and
Figure 7. MCP induced alterations in the expression of early response genes. (7a) Representative microphotographs of
immunocytochemical localization of C-fos and C-jun proteins in PC12 cells exposed to MCP (10
25 and 10
26 M). Images were taken by Nikon
Eclipse 80i equipped with Nikon DS-Ri1 12.7 megapixel camera, Japan. (7b I & II) Relative quantification of fold inductions in the expression of C-fos
and C-jun proteins in PC12 cells exposed to MCP (10
25 and 10
26 M) for 6 h. Leica Q-Win 500 image analysis software was used to quantify the
expression of C-fos and C-jun. Data were calculated as mean 6 SE of at least 20 fields from three independent experiments.
doi:10.1371/journal.pone.0017757.g007
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reader (Synergy HT, Bio-Tek, USA) on excitation wavelength at
485 nm and emission wavelength at 528 nm. The data are
expressed in percent of the unexposed control.
Intracellular ROS generation was also confirmed by image
analysis. In brief, cells (5610
4 per well) were seeded in Poly L-
Lysine pre-coated tissue culture slide flasks and allowed to adhere.
Adhered cells were then exposed to MCP (10
25 Mt o1 0
27 M) for
6 h. Following MCP exposure, cells were washed twice with PBS,
and re-incubated for 30 min in dark in incomplete culture medium
containing DCFH-DA (20 mM). Slides were washed twice again
with PBS and mounted for microscopic analysis. Images were taken
by using Nikon Eclipse 80i equipped with Nikon DS-Ri1 12.7
megapixel camera. Cells exposed to H2O2 (100 mM) for 2 h under
identical conditions were served as positive control.
Detection of apoptosis
Mitochondrial membrane potential, an early marker of
apoptosis induction was assessed using Flowcytometer based
Mitolight
TM Apoptosis Detection Kit (APT142, Chemicon,
USA). Cells were exposed to MCP (10
24 M-10
26 M) for 6 h,
then pelleted and re-suspended in 1 ml of pre-diluted Mitolight
TM
solution for 15 min at 37uC. Following incubation, uptake of
Mitolight
TM dye by living mitochondria was analyzed by
Flowcytometer (BD FACSCanto
TM) equipped with the FACS
Diva Version 6.0.0.software. Validation of data was also done
using fluorescence microscopy (Nikon Eclipse 80i) attached with
Nikon digital CCD cool camera -Model DS-Ri1 of 12.7
Megapixel).
Nuclear condensation by Bis-bezimide Staining
MCP-induced apoptotic alterations were also observed by
counting the events of nuclear condensation. Nuclear condensa-
tion was observed under fluorescence microscope using (29-[4-
Ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2, 59-bi-1H-benzimid-
azole] (Hochest no. 33342, Sigma, USA) dye as described by
Srivastava et al. [51]. Data was presented by comparing the values
with un-exposed control cells.
Figure 8. Schematic flow diagram to depict the involvement of selected CYPs in the induction of oxidative stress and apoptosis in
PC12 cells expose to MCP.
doi:10.1371/journal.pone.0017757.g008
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Expression (mRNA) of xenobiotic metabolizing cytochrome
P450s (CYP1A1, 1A2, 2B1, 2B2, & 2E1) was studied in PC12
cell exposed to MCP (10
26 M& 1 0
25 M )f o r2 ,6 ,1 2 ,a n d2 4h .
Total RNA was isolated using GeneElute mammalian total
RNA Miniprep Kit (Catalog no. RTN-70, Sigma, USA). The
quality of RNA was checked by Nanodrop ND-1000 Spectro-
photometer V3.3 (Nanodrop Technologies Inc., Wilmington,
D E ,U S A )a sw e l la sb yr u n n i n gR N Ao n t o2 %d e n a t u r i n g
agarose gel. Total RNA (1 mg) was reverse-transcribed into
cDNA by SuperScript III first strand cDNA synthesis Kit
(Catalog no. 18080-051, Invitrogen Life Science, USA) using
random hexamer primers. Quantitative Real Time PCR (RT-
PCR
q)w a sp e r f o r m e di n9 6w e l lp l a t ef o r m a tu s i n gT a q M a n
primers and probes in ABI PRISMH 7900HT Sequence
Detection System (Applied Biosystems, USA). The TaqMan
20 ml reaction mixture contained 1 mlo f4 mMp r o b e( f i n a l
concentration, 0.2 mM), 1 mlo f1 0mMf o r w a r dp r i m e ra n d1ml
of 10 mM reverse primer (0.5 mM final concentration for each
primer), 10 ml of TaqMan Universal master mix, 6 mlo f
nuclease-free water, and 1 ml of cDNA (50 ng of total RNA).
After sealing the plate with an optical adhesive cover, the
thermo-cycling conditions were initiated at 50uC for 2 min with
an enzyme activation step of 95uC for 10 min followed by 40
PCR cycles of denaturation at 95uC for 15 seconds and anneal/
extension at 60uC for 1 min. Sequence of primers and probes
used were: CYP1A1 (M26129a) forward 59-ccaaacgagttccggcct-
39,r e v e r s e5 9- tgcccaaaccaaagagaatga-3, probe 59-ttctcactcag-
gtgtttgtccagagtgcc-39; CYP1A2 (K02422a) forward 59-cgccca-
gagcggtttctta-39,r e v e r s e5 9-tcccaagccgaagagcatc-39,p r o b e5 9-
caatgacaacacggccatcgacaag-39; CYP2B1 (J00719a) forward 59-
aacccttgatgaccgcagtaaa-39,r e v e r s e5 9- tgtggtactccaatagggacaa-
gatc-39,p r o b e5 9-ccatacactgatgcagttatccatgagattcaga-39;C Y P -
2B2 (J00720–728a) forward 59-ccatcccttgatgatcgtacca-39,r e -
verse 59-aattggggcaagatctgcaaa-39 probe 59-ccatacactgatgcagt-
catccacgagattc-39, CYP2E1 (J02627a) forward 59-aaagcgtgtg-
tgtgttggagaa-39,r e v e r s e5 9-agagacttcaggttaaaatgctgca-39,p r o b e
59-atagcagacaggagcagaaacaattccatgc-39 and Actin-b (V01217)
forward 59- ggaaatcgtgcgtgacattaaag-39,r e v e r s e5 9- cggcagtggc-
catctctt-39,p r o b e5 9-agctgtgctatgttgccctagacttcgagc-39. Actin-b
was used as internal control to normalize the data. MCP-
induced alterations in mRNA for specific CYPs are expressed in
relative quantity keeping values of unexposed control groups as
basal, i.e., one. Real time reactions were carried in triplicate
well for each sample.
Real Time - PCR (SYBR Green Chemistry) analysis
Alterations in mRNA expression of oxidative stress and
apoptosis markers were studied in PC12 cells exposed to MCP
(10
25 M) for 6 h. The methodology was same as used for mRNA
expression of CYPs except the use of SYBR Green instead of
TaqMan probes. Specificity of primer sets and genomic DNA
contamination were assessed for all the samples by analyzing by
melting curve analysis and running no template control (NTCs).
The primer sequences used in the study were similar as reported
by us earlier [7].
Western blot analysis
Western blot analysis was carried out for xenobiotic metabo-
lizing CYP P450s (CYP1A1, 1A2, 2B1, 2B2, & 2E1), oxidative
stress and apoptosis markers (GSTP1-1, p53, Bax, Bcl2, activated
Caspase-9, & activated Caspase-3) in PC12 cells exposed to MCP
(10
25 M) for 6, 12, and 24 h. Following MCP exposure, cells were
pelleted and lysed using CelLytic
TM M Cell Lysis Reagent
(Catalog no. C2978, Sigma, USA) in the presence of protein
inhibitor cocktail (Catalog no. P8340-5ML, Sigma, USA). Protein
estimation was done by BCA Protein Assay Kit (Catalog no.
G1002, Lamda Biotech, Inc., St. Louise, MO, USA). The equal
amount (50 mg/well) of denatured proteins was loaded in 10%
tricine-SDS gel and blotted on polyvinylidene fluoride (PVDF)
membranes (Santa Cruz, USA) using wet transfer system. After
blocking (2 h at 37uC), membranes were incubated overnight at
4uC with anti-protein primary antibodies specific for 1A1, 1A2,
2B1/2B2 & 2E1 (1:500, Chemicon, USA), GSTP1-1 (1:1000,
Calbiochem, USA), p53, Bcl2, Bax, Activated Caspase-9, Activat-
ed Caspase- 3 (1:1000, CST, USA) and Actin-b (1:2000, Santa
Cruz, USA) in blocking buffer (pH 7.5). The membranes were
then re-incubated for 2 h at room temperature with secondary
anti-primary immunoglobulin G (IgG)-conjugated with horserad-
ish peroxidase (Calbiochem, USA). The blots were developed
using luminol (Catalog no. 34080, Thermo Scientific, USA) and
densitometry was done for protein specific bands in Gel
Documentation System (Alpha Innotech, USA) having AlphaEa-
se
TM FC StandAlone V. 4.0.0 software. Actin-b was used as
internal control to normalize the data. MCP induced alterations
are expressed in relative term fold change in expression by
comparing the data with respective unexposed controls. Auto-
recovery pattern of altered protein levels was also studied in a
parallel group exposed to MCP (10
25 M) for 6 h followed by 18 h
incubation in fresh culture medium without MCP.
Immunocytochemical analysis
Immunocytochemical localization of early response marker
proteins such as c-fos and c-jun was carried out by using anti-
primary antibodies following the protocol of Siddiqui et al. [52].
Briefly, cells (1610
4 cells/well) were allowed to adhere on the
surface of Poly L-lysin pre-coated eight well chamber slides. Cells
were exposed to MCP (10
25 M and 10
26 M) for 6 h. Following
exposure, cells were fixed by using 4% paraformaldehyde for
10 min and blocked with PBS containing 0.02% Triton-X100 and
0.1% BSA for 2 h to block the non-specific binding sites. Cells
were then incubated with primary antibodies, viz., C-fos (1:200,
Santa Cruz, USA) and C-jun (1:200, Santacruz, USA) for 2 h at
room temperature followed by washing with PBS. Cells were re-
incubated with HRP conjugated goat anti-rabbit secondary
antibody (Calbiochem, USA) for 2 h at room temperature.
Finally, cells were washed with PBS to remove unbound antibody
and incubated with DAB (diaminobezidiene tetrahydrochloride,
Sigma, USA) for 5–15 min to develop the brown color. Cells were
visualized under upright microscope (Nikon Eclipse 80i equipped
with Nikon DS-Ri1 12.7 megapixel camera, Japan) and
quantification was done by measuring the change in percent area
of protein expression with the help of Leica Qwin 500 Image
Analysis Software (Leica, Germany).
Statistical analysis
Results were expressed as mean 6 standard error of mean
(SEM) for the values obtained from at least three independent
experiments. Statistical analysis was performed using one-way
analysis of variance (ANOVA) and post hoc Dunnett (two sided)
test to compare the findings in different groups. The values
p,0.05 were considered significant.
Acknowledgments
Authors are grateful to the Director, Indian Institute of Toxicology
Research, Lucknow, India, for his keen interest in the study. The technical
support by Mr. Rajesh Mishra is also acknowledged.
MCP-Induced Apoptosis in PC12: Role of CYPs
PLoS ONE | www.plosone.org 10 March 2011 | Volume 6 | Issue 3 | e17757Author Contributions
Conceived and designed the experiments: MPK ABP. Performed the
experiments: MPK AKS VK VKT RKS MA SY ABP. Analyzed the data:
MPK ABP. Contributed reagents/materials/analysis tools: MPK AKS VK
VKT RKS SY VKK SKJ ABP. Wrote the paper: MPK ABP.
References
1. Costa LG (2006) Current issues in organophosphate toxicology. Clin Chim Acta
366: 1–13.
2. Perera PM, Jayamanna SF, Hettiarachchi R, Abeysinghe C, Karunatilake H,
et al. (2009) A phase II clinical trial to assess the safety of clonidine in acute
organophosphorus pesticide poisoning. Trials 10: 73.
3. Sarabia L, Maurer I, Bustos-Obregon E (2009) Melatonin prevents damage
elicited by the organophosphorous pesticide diazinon on the mouse testis.
Ecotoxicol Environ Saf 72: 938–942.
4. Shenouda J, Green P, Sultatos L (2009) An Evaluation of the Inhibition of
Human Butyrylcholinesterase and Acetylcholinesterase by the Organophosphate
Chlorpyrifos Oxon. Toxicol Appl Pharmacol 241: 135–142.
5. Chan JY, Chan SH, Dai KY, Cheng HL, Chou JL, et al. (2006) Cholinergic-
receptor-independent dysfunction of mitochondrial respiratory chain enzymes,
reduced mitochondrial transmembrane potential and ATP depletion underlie
necrotic cell death induced by the organophosphate poison mevinphos.
Neuropharmacology 51: 1109–1119.
6. Saulsbury MD, Heyliger SO, Wang K, Round D (2008) Characterization of
chlorpyrifos-induced apoptosis in placental cells. Toxicology 244: 98–110.
7. Kashyap MP, Singh AK, Siddiqui MA, Kumar V, Tripathi VK, et al. (2010)
Caspase cascade regulated mitochondria mediated apoptosis in Monocrotophos
exposed PC12 cells. Chem Res Toxicol 23: 1663–1672.
8. Moore PD, Yedjou CG, Tchounwou PB (2010) Malathion-induced oxidative
stress, cytotoxicity, and genotoxicity in human liver carcinoma (HepG (2)) cells.
Environ Toxicol 25: 221–226.
9. Slotkin TA, Seidler FJ (2009) Oxidative and excitatory mechanisms of
developmental neurotoxicity: transcriptional profiles for chlorpyrifos, diazinon,
dieldrin,anddivalentnickelin PC12 cells.EnvironHealth Perspect 117:587–596.
10. Slotkin TA, Seidler FJ (2007) Comparative developmental neurotoxicity of
organophosphates in vivo: transcriptional responses of pathways for brain cell
development, cell signaling, cytotoxicity and neurotransmitter systems. Brain
Res Bull 72: 232–274.
11. Li Q, Kobayashi M, Kawada T (2009) Chlorpyrifos induces apoptosis in human
T cells. Toxicology 255: 53–57.
12. Nordmann R, Ribiere C, Rouach H (1992) Implication of free radical
mechanisms in ethanol-induced cellular injury. Free Radic Biol Med 2: 219–240.
13. Fujita K, Kamatak T (2001) Role of human cytochrome P450 (CYP) in the
metabolic activation of N-alkylnitrosamines: application of genetically engi-
neered Salmonella typhimurium YG7108 expressing each form of CYP together
with human NADPH-cytochrome P450 reductase. Mutat Res 483: 35–41.
14. Kim JY, Chung JY, Park JE, Lee SG, Kim YJ, et al. (2007) Benzo[a]pyrene
Induces Apoptosis in RL95-2 Human Endometrial Cancer Cells by Cytochrome
P450 1A1 Activation. Endocrinology 148: 5112–5122.
15. Hewitt R, Forero A, Luncsford PJ, Martin FL (2007) Enhanced micronucleus
formation and modulation of BCL-2: BAX in MCF-7 cells after exposure to
binary mixtures. Environ Health Perspect 1: 129–136.
16. Johri A, Yadav S, Dhawan A, Parmar D (2008) Responsiveness of cerebral and
hepatic cytochrome P450s in rat offspring prenatally exposed to lindane. Toxicol
Appl Pharmacol 231: 10–16.
17. Kumar S, Sharma A, Yadav S, Parmar D (2009) Polycyclic aromatic
hydrocarbon metabolizing cytochrome P450s in freshly prepared uncultured
rat blood lymphocytes. Biochem Pharmacol 79: 1182–1188.
18. Kapoor N, Pant AB, Dhawan A, Dwievedi UN, Gupta YK, et al. (2006)
Differences in sensitivity of cultured rat brain neuronal and glial cytochrome
P450 2E1 to ethanol. Life Sci 79: 1514–1522.
19. Hashizume T, Yoshitomi S, Asahi S, Matsumura S, Chatani F, et al. (2009) In
vitro micronucleus test in HepG2 transformants expressing a series of human
cytochrome P450 isoforms with chemicals requiring metabolic activation. Mutat
Res 677: 1–7.
20. Namazi M (2009) Cytochrome-P450 enzymes and autoimmunity: expansion of
the relationship and introduction of free radicals as the link. J Autoimmune Dis
6: 4.
21. Nebert DW, Dalton TP (2006) The role of cytochrome P450 enzymes in
endogenous signalling pathways and environmental carcinogenesis. Nat Rev
Cancer 6: 947–960.
22. Singh M, Sandhir R, Kiran R (2004) In vitro effects of organophosphate
pesticides on rat erythrocytes. Indian J Exp Biol 42: 292–296.
23. Masoud A, Kiran R, Sandhir R (2009) Impaired Mitochondrial Functions in
Organophosphate Induced Delayed Neuropathy in Rats. Cell Mol Neurobiol
29: 1245–1255.
24. Raza H, John A (2006) 4-hydroxynonenal induces mitochondrial oxidative
stress, apoptosis and expression of glutathione S-transferase A4-4 and
cytochrome P450 2E1 in PC12 cells. Toxicol Appl Pharmacol 216: 309–318.
25. Li Y, Maret W (2009) Transient fluctuations of intracellular zinc ions in cell
proliferation. Exp Cell Res 315: 2463–2470.
26. Kroemer G, Galluzzi L, Brenner C (2007) Mitochondrial membrane
permeabilization in cell death. Physiol Rev 87: 99–163.
27. Perez-Maldonado IN, Herrera C, Batres LE, Gonzalez-Amaro R, Diaz-
Barriga F, et al. (2005) DDT-induced oxidative damage in human blood
mononuclear cells. Environ Res 98: 177–184.
28. Galluzzi L, Blomgren K, Kroemer G (2009) Mitochondrial membrane
permeabilization in neuronal injury. Nat Rev Neurosci 10: 481–494.
29. Zhao M, Zhang Y, Wang C, Fu Z, Liu W, et al. (2009) Gan J. Induction of
Macrophage Apoptosis by an Organochlorine Insecticide Acetofenate. Chem
Res Toxicol 22: 504–510.
30. Galluzzi L, Morselli E, Kepp O, Tajeddine N, Kroemer G (2008) Targeting p53
to mitochondria for cancer therapy. Cell Cycle 7: 1949–1955.
31. Kaur P, Radotra B, Minz RW, Gill KD (2007) Impaired mitochondrial energy
metabolism and neuronal apoptotic cell death after chronic dichlorvos (OP)
exposure in rat brain. Neurotoxicology 28: 1208–1219.
32. Dostalek M, Hardy KD, Milne GL, Morrow JD, Chen C, et al. (2008)
Development of Oxidative Stress by Cytochrome P450 Induction in Rodents Is
Selective for Barbiturates and Related to Loss of Pyridine Nucleotide-dependent
Protective Systems. J Bio Chem 283: 17147–17157.
33. Lupp A, Kuhn UD, Karge E, Adam G, Fleck C (2006) In vitro investigations on
the differential pro-oxidant and/or antioxidant properties of cyclosporin A and
tacrolimus in human and rat liver microsomes. Pharmacol Ther 44: 225–232.
34. Mari M, Cederbaum AI (2001) Induction of catalase, alpha, and microsomal
glutathione S-transferase in CYP2E1 overexpressing HepG2 cells and protection
against short-term oxidative stress. Hepatology 33: 652–661.
35. Loft S, Deng X, Tuo J, Wellejus A, Sorensen M, et al. (1998) Experimental
Study of Oxidative DNA Damage. Free Rad Res 29: 525–539.
36. Chen ZH, Hurh YJ, Na HK, Kim JH, Chun YJ, et al. (2005) Resveratrol
inhibits TCDD-induced expression of CYP1A1 and CYP1B1 and catechol
estrogen-mediated oxidative DNA damage in cultured human mammary
epithelial cells. Carcinogenesis 25: 2005–2013.
37. Cederbaum AI (2006) CYP2E1–biochemical and toxicological aspects and role
in alcoholinduced liver injury. Mt Sinai J Med 73: 657–672.
38. Gong P, Cederbaum AI (2006) Nrf2 is increased by CYP2E1 in rodent liver and
HepG2 cells and protects against oxidative stress caused by CYP2E1.
Hepatology 43: 144–153.
39. Bradford BU, Kono H, Isayama F, Kosyk O, Wheeler MD, et al. (2005)
Cytochrome P450 CYP2E1, but not nicotinamide adenine dinucleotide
phosphate oxidase, is required for ethanol-induced oxidative DNA damage in
rodent liver. Hepatology 41: 336–344.
40. Nebert DW, Russell DW (2002) Clinical importance of the cytochromes P450.
Lancet 360: 1155–1162.
41. Huk OL, Catelas I, Mwale F, Antoniou J, Zukor DJ, et al. (2004) Induction of
apoptosis and necrosis by metal ions in vitro. J Arthroplasty 19: 84–87.
42. Naraharisetti SB, Aggarwal M, Ranganathan V, Sarkar SN, Kataria M, et al.
(2009) Effects of simultaneous repeated exposure at high levels of Arsenic and
Malathion on hepatic drug-biotransforming enzymes in broiler chickens.
Environ Toxicol Pharmacol 28: 213–218.
43. Ramakrishna V, Jailkhani R (2008) Oxidative stress in non-insulin-dependent
diabetes mellitus (NIDDM) patients. Acta Diabetol 45: 41–46.
44. Bernardini S, Nuccetelli M, Noguera NI, Bellincampi L, Lunghi P, et al. (2006)
Role of GSTP1-1 in mediating the effect of As2O3 in the Acute Promyelocytic
Leukemia cell line NB4. Ann Hematol 85: 681–687.
45. Bernardini S, Bernassola F, Cortese C, Ballerini S, Melino G, et al. (2000) Motti
C, Bellincampi L, Iori R, Federici G. Modulation of GSTP1-1 activity by
polymerization during apoptosis. J Cell Biochem 77: 645–653.
46. Bernardini S, Bellincampi L, Ballerini S, Ranalli M, Pastore A, et al. (2002) Role
of GSTP1-1 in mediating the effect of etoposide on human neuroblastoma cell
line SH-SY5Y. J Cell Biochem 86: 340–347.
47. McConnachie LA, Mohar I, Hudson FN, Ware CB, Ladiges WC, et al. (2007)
Glutamate cysteine ligase modifier subunit deficiency and gender as determinants
of acetaminophen-induced hepatotoxicity in mice. Toxicol Sci 99: 628–636.
48. Wang X, Zhu C, Hagberg H, Korhonen L, Sandberg M, et al. (2004) X-linked
inhibitor of apoptosis (XIAP) protein protects against caspase activation and
tissue loss after neonatal hypoxia-ischemia. Neurobiol Dis 16: 179–189.
49. Chen Q, Cederbaum AI (1998) Cytotoxicity and Apoptosis Produced by
Cytochrome P450 2E1 in Hep G2 Cells. Mol Pharmacol 53: 638–648.
50. Kim JY, Chung JY, Park JE, Lee SG, Kim YJ, et al. (2007) Benzo[a]pyrene
Induces Apoptosis in RL95-2 Human Endometrial Cancer Cells by Cytochrome
P450 1A1 Activation. Endocrinology 148: 5112–5122.
51. Srivastava RK, Pant AB, Kashyap MP, Kumar V, Lohani M, et al. (2010) Multi-
walled carbon nanotubes induce oxidative stress and apoptosis in human lung
cancer cell line- A549. Nanotoxicology. DOI: 10.3109/17435390.2010.503944.
52. Siddiqui MA, Kashyap MP, Khanna VK, Yadav S, Pant AB (2010) NGF
induced differentiated PC12 cells as in vitro tool to study 4-hydroxynonenal
induced cellular damage. Toxicol In Vitro 24: 1681–1688.
MCP-Induced Apoptosis in PC12: Role of CYPs
PLoS ONE | www.plosone.org 11 March 2011 | Volume 6 | Issue 3 | e17757